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The response of Phaeodactylum tricornutum to excess light was 
remarkably similar to that observed in higher plants and green 
algae and was characterized by complex changes in minimal fluo- 
rescence yields of fully dark-adapted samples and declines in 
maximum variable fluorescence levels and oxygen evolution rates. 
In our study the parallel decreases in the effective rate constant 
for photosystem II (PSII) photochemistry, the variable fluorescence 
yield of a dark-adapted sample, and light-limited 0 2  evolution 
rates after short (0-10 min) exposures to photoinhibitory conditions 
could not be attributed to damage or down-regulation of PSll 
reaction centers. Instead, these changes were consistent with the 
presence of nonphotochemical quenching of PSll excitation energy 
in the antennae. This quenching was analogous to that component 
of nonphotochemical quenching studied in higher plants that i s  
associated with photoinhibition of photosynthesis and/or processes 
protecting against photoinhibition in that i t  did not relax readily in 
the dark and persisted in the absence of a bulk transthylakoid 
proton gradient. The quenching was most likely associated with 
photoprotective processes in the PSll antenna that reduced the 
extent of photoinhibitory damage, particularly after longer expo- 
sures. Our results suggest that a large population of damaged, 
slowly recovering PSll centers did not form in Phaeodactylum even 
after 60 min of exposure to excess actinic light. 

Photoinhibition is a complex multistep process in which 
the inactivation of PSII reactions is manifested as a decrease 
in the quantum yield of photochemistry at both limiting and 
saturating light intensity. Exposure of plants to excess light 
(where the rate of light absorption exceeds the capacity of 
the dark reactions to utilize the products of light-driven 
electron transport) frequently results in PSII photoinactiva- 
tion due to reactions on both the PSII acceptor and donor 
sides and in the degradation of the reaction center D1 protein 
(Barber and Andersson, 1992; Prasil et al., 1992). Although 
many studies have examined the effects of excess light on 
photosynthesis in higher plants and green algae, relatively 
few have examined these effects in other algal classes. In 
view of the fact that the PSII reaction center has been highly 
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conserved throughout evolution (Thomber, 1986), it is prob- 
able that the molecular mechanisms of photoinhibitory dam- 
age are similar among higher plants and the different algal 
classes. It is also likely that a11 organisms have a variety of 
photoprotective and repair processes to limit the amount of 
PSII damage (Barber and Andersson, 1992; Prasil et al., 1992). 
However, the extent to which any single process contributes 
is dependent on many factors including the previous light 
history and photosynthetic physiology of the organism. 

Our purpose is to study the effects of exposure to excess 
actinic light on photosynthesis in the marine diatom Phaeo- 
dactylum tricomutum. Two practical reasons form the basis 
for undertaking this project. First, conditions conducive to 
the development of photoinhibition occur frequently in the 
aquatic environment, where diatoms are a dominant class of 
primary producers. Second, in recent years models of primary 
production rates in the ocean have relied increasingly on in 
vivo Chl fluorescence measurements as indicators of algal 
biomass, productivity, photosynthetic capacity, and physiol- 
ogy (Samuelsson and Oquist, 1977; Heath, 1988). However, 
there exists no solid experimental basis justifying the use of 
fluorescence parameters for these purposes, since the proc- 
esses affecting fluorescence yields in different algal classes 
have not been elucidated (Owens, 1991). Photoprotective 
processes and photoinhibitory damage are dominant factors 
affecting photochemical and Chl fluorescence yields in vivo 
(Krause and Weis, 1991). In higher plants the contribution of 
these factors to total qN of PSII excitation energy increases 
with increasing excess light absorption under either high- 
light conditions or other environmental stresses that depress 
the rate of photosynthesis (Horton and Hague, 1988; Krause 
and Weis, 1991; Owens, 1994a). 

One of the major components involved in qN is qE (Briantais 
et al., 1979; Gilmore and Yamamoto, 1993). There is strong 
evidence that qE is heterogeneous in origin, arising from 
severa1 different processes. Although some studies have in- 

Abbreviations: CCCP, carbonylcyanide m-chlorophenylhydra- 
zone; D1, 32-kD PSII reaction center polypeptide; F,,,, maximal 
fluorescence yield of a fully dark-adapted sample; F,, minimal fluo- 
rescence yield of a fully dark-adapted sample; F,, variable fluores- 
cence yield of a dark-adapted sample (F, = F, - F,,); qB, a component 
of nonphotochemical quenching associated with the establishment 
of a transthylakoid proton gradient; 9~ a component of nonphoto- 
chemical quenching associated with photoinhibition of photosyn- 
thesis and/or processes protecting against photoinhibition; qN, 
nonphotochemical quenching of PSII exdtation energy; qp, photo- 
chemical quenching of PSII excitation energy. 
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dicated that qE occurs primarily in the antennae and is asso- 
ciated with an increase in thermal deactivation (Krause et al., 
1983; Genty et al., 1989; Horton et al., 1991; Noctor et al., 
1993), others have proposed that the main site of qE is in the 
reaction center (Weis and Berry, 1987; Krieger et al., 1992). 
Although there is evidence that antenna-dependent qE may 
be related to thylakoid zeaxanthin and antheraxanthin con- 
tent under some conditions (Demmig-Adams, 1990; Gilmore 
and Yamamoto, 1993), the relationship between q~ and ca- 
rotenoid content is very complex (Gilmore and Yamamoto, 
1991a, 1991b, 1992, 1993; Noctor et al., 1991). 

Another component of qN is 91. Distinctions between qI and 
qE are difficult to establish under some conditions, since 91 is 
also heterogeneous in origin. Like qE, q I  includes photopro- 
tective component(s) involving increased thermal dissipation 
of absorbed light energy (Demmig and Winter, 1988; Dem- 
mig-Adams, 1990; Krause and Weis, 1991). However, in 
contrast to qE, q1 is not readily reversed with the addition of 
uncouplers and exhibits slower relaxation kinetics (Horton 
and Hague, 1988; Hodges et al., 1989). In addition, 91 is 
associated with the formation of damaged (Cleland et al., 
1986; Krause et al., 1990) and/or dom-regulated PSII reac- 
tion centers (Krause and Weis, 1991; Krieger et al., 1992). 

The regulation of qN by underlying physiological processes 
is likely to differ among the alga1 classes because one of the 
main sites of qN action, the PSII antennae, exhibits great 
diversity among algae with regard to both pigment and 
protein composition. In contrast to green algae, diatoms 
possess both a major Chl a/c-fucoxanthin complex and a 
minor Chl a /c  complex (Owens and Wold, 1986). Under 
physiological light conditions, diatoms exhibit values of q~ 
that are similar to those reported in higher plants and green 
algae. However, at saturating photon flux densities, the 
amount of steady-state qN was reported to be significantly 
less than in higher plants (Ting and Owens, 1993). In addi- 
tion, qE has been observed in the dark-adapted state as well 
as in the light in the presence of DCMU (Ting and Owens, 
1993). 

Preliminary work has suggested that after exposure of 
diatoms to excess light, decreases in carbon fixation rates 
result from photooxidative damage to components of both 
the light and dark reactions (Belay and Fogg, 1978). However, 
the direct effects of excess actinic light on PSII photochem- 
istry or on photoprotective processes were not examined. In 
the present study we conclude that excess light-dependent 
changes in oxygen evolution rates, Chl fluorescence param- 
eters, and the kinetics of PSII photochemistry in P. tricomu- 
tum are consistent with the presence of qN in the antennae of 
PSII. This qN may serve to limit damage to the PSII reaction 
center under photoinhibitory conditions. 

MATERIALS AND METHODS 

Phaeodactylum tricomutum Bohlin (UTEX 646) was grown 
in unialgal batch cultures (2 L) in natural seawater containing 
"f/2" nutrients at 15OC and 90 pmol photons m-' s-' in a 141 
10 h light/dark cycle as previously described (Ting and 
Owens, 1992). Cells were harvested in the early log phase of 
growth by centrifugation (50008, 3 min) at 15OC and resus- 
pended in growth medium to a concentration of 6 pg Chl a 

mL-'. Chl was extracted in 90% (v/v) acetone, and Chl a 
concentrations were determined spectrophotome trically (Jef- 
frey and Humphrey, 1975). 

Photoinhibition treatments were conducted at 15OC and 
2000 prnol photons m-' s-'. Resuspended cells were placed 
in an apen-top, water-jacketed, glass reaction vessel and 
suppleniented with freshly prepared NaHC03 (9 m~ final 
concentration) prior to initiation of the photoinhibitory treat- 
ment. Cells were stirred gently to ensure unifonn exposure. 
At specific time points after the onset of the high-light 
treatment, cells were transferred to a Hansatech DW2 oxygen 
electrode chamber for fluorescence and oxygen evolution 
measurements or were allowed to recover. During the recov- 
ery period cells were either retumed to their original growth 
conditions (15OC, 90 pmol photons m-'s-') or pkiced at 15OC 
in the dark. 

Measurements of F,, F,, and F, were conducted at 15OC 
using a pulse amplitude-modulated Chl fluoroineter (PAh4 
Fluorometer, Heinz Walz, Effeltrich, Germany) interfaced to 
a Hewlett-Packard Series 200 computer. Samples in the Han- 
satech DW2 electrode chamber were dark adapted for 5 min 
in the presence of 5 p~ CCCP to remove quenching associ- 
ated with chlororespiration (Ting and Owens, 1993). The 
effects of other uncouplers (nigericin) and ionophores (val- 
inomycin-K+) on dark-adapted F, and F,,, levels in P. tricor- 
nutum have been examined previously (Tmg and Owens, 
1993). In addition, samples were pre-illuminated for 20 s 
with 704-nm light (33 pmol photons m-' s-') immediately 
before fluorescence measurements were conducted to ensure 
that the primary quinone acceptor of PSII and the plastoqui- 
none pool were fully oxidized (Owens, 1986b). The saturating 
pulses (1.5 s, 6800 pmol photons m-'s-', Corion [Holliston, 
MA] 650-nm short-pass filter) for measurement of F,,, were 
produced using a 1000-W tungsten-halogen lamp and an 
electronic shutter (Uniblitz [Rochester, NY], effecíive opening 
time = 5 ms). 

The effective rate constant for PSII photochmnistry was 
estimated from the kinetics of the variable fluorescence rise 
measured in the presence of DCMU using a nonmodulated 
induction fluorometer as described by Owens (1986a). Sam- 
ples suspended in original growth medium to a concentration 
of 6 pg Chl a mL-' were treated with 20 p~ DCMU and 5 
p~ CCCP (final concentrations) for about 1.5 miri in the dark 
prior to measurement. Blue-green actinic illummation was 
provided by a 150-W tungsten-halogen lamp (blocked by a 
CS 4-96 filter [Coming, Corning, NY]), the intensity of which 
was attenuated using neutral-density filters. A l-lamamatsu 
R636 photomultiplier tube (operated at 700 V) protected by 
three CS 2-64 sharp-cut red filters was used to detect the 
fluorescence. Signal output from the photomultiplier was 
converted to voltage, amplified, and then transflzrred to the 
Hewlett-Packard Series 200 computer. The kinetics of PSII 
photochemistry were analyzed as described by Owens 
(1986a) except that, after calculation of the nomialized area 
growth over the fluorescence induction curve, standard non- 
linear least-squares analysis rather than graphic analysis was 
used to determine the effective photochemical rate constants. 

O2 evolution rates were measured using a pcllarographic 
O2 electrode (Hansatech, Norfolk, England) at l!j°C. Illumi- 
nation was provided by a 150-W tungsten-halogcn lamp, the 
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intensity of which (1500 pmol photons m-' s-', maximum) 
was adjusted using neutral-density filters. Photon flux den- 
sities were measured 1 mm away from the end of the fiber- 
optics cable using a calibrated IL1700 Research Radiometer/ 
Photometer (Intemational Light, Newburyport, MA). 

RESULTS 

Changes in O2 Evolution Rates and Chl Fluorescence 

The response of P. tricomutum to photoinhibitory condi- 
tions was investigated by exposing cells to photon flux den- 
sities severa1 times greater in intensity than required for 
saturation of photosynthetic rates. For cells grown under the 
conditions of our experiments, O2 evolution rates saturated 
at approximately 500 pmol photons m-' s-' (Fig. 1, controls). 
Exposure of cells to 2000 pmol photons m-' s-' resulted in 
reductions in both the light-limited (180 pmol photons m-* 
s-') and light-saturated (580 pmol photons m-' s-') rates of 
O2 evolution (Fig. 1; Table I). After a 10-min exposure to 
photoinhibitory conditions, the decline in light-limited O2 
evolution rates was greater than the corresponding decrease 
in light-saturated rates (Table I), whereas the declines in F, 
(73%) and FJF, (59%) were similar to those of light-limited 
O2 evolution rates (60%) (Fig. 2; Table I). The decrease in F,/ 
F, was due to both a decrease in F, and an increase in F,. F, 
levels increased during the first 20 min of photoinhibitory 
treatment to a maximum that was 55% greater than controls 
before beginning to decline with longer exposure (Fig. 2). 

Increasing the photoinhibitory treatment from 10 to 60 min 
led to additional declines in O2 evolution rates, with the total 
decline in the light-limited and light-saturated rates being 
about equal (Table I). However, whereas the 10-min treat- 
ment affected mainly light-limited rates, increasing the treat- 
ment to 60 min had a larger effect on light-saturated rates 
(Table I). During the same period, a continuous decline in F, 
was observed but at a rate that was much slower than during 
the first 10 min of treatment (Fig. 2). The decline in F, 
(approximately 90%) after 60 min of treatment was greater 
than that for both limiting and saturating O2 evolution rates 
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Figure 1. Rate of O2 evolution at different photon flux densities of 
control cells (O) and of cells photoinhibited for 40 min (O) at 2000 
pmol photons m-2 s-'. SD values of representative data points are 
shown for control and photoinhibited cells. 

Table 1. Changes in O, evolution rates and Chl fluorescence 
parameters after exposure to excess light 

Percent change in light-limited and light-saturated O2 evolution 
rates and in Chl fluorescence levels compared to control values 
after exposure of P. tricornutum to 2000 pmol photons m-2 s-' for 
10 or 60 min. Fluorescence quenching parameters q N  and q p  were 
measured in the light at the end of t h e  10- or 60-min illumination 
periods just before dark adaptation. 

Percent Change 

10-min Treatment 60-min Treatment 
Parameter 

Light-limited O2 evolution -60 -67 
Light-saturated O2 evolution -33 -63 
FO +44 +14 
F" -73 -90 
Fv IFm -59 -78 
q N  0.82 0.93 
q P  0.10 0.08 

(Table I). F, levels decreased after 20 min of exposure to 
photoinhibitory conditions and reached a leve1 that was about 
14% greater than controls after 60 min of treatment (Fig. 2). 

Steady-state levels of qN and qp were also measured at the 
end of the 10- and 60-min treatments. After 10 min of 
treatment, 11% of the total quenching present in the light 
relaxed in the dark. After 60 min of treatment, this value 
decreased to only 3% (Table I). These values were measured 
in the absence of CCCP to estimate the full extent of qN in 
the sample but were scaled to F, and F, values measured in 
the presence of CCCP on parallel samples. In P. tricomutum, 
F, and F, must be measured in the presence of uncouplers 
such as CCCP to relax the significant pH gradient that exists 
in the dark (Ting and Owens, 1993), presumably the result 
of chlororespiration. 

Effects of Exposure to Excess Light on the Kinetics of 
PSll Photochemistry 

To determine whether short exposures to photoinhibitory 
conditions led primarily to damage (Krause et al., 1990; 
Barber and Andersson, 1992) or down-regulation (Weis and 
Beny, 1987; Krieger et ai., 1992) of PSII reaction centers or 
to photoprotective processes in the antennae (Demmig- 
Adams, 1990; Horton et al., 1991), we next examined the 
effects of photoinhibition on the kinetics of PSII photo- 
chemistry determined from the rate of area growth over the 
fluorescence induction curve measured in the presence of 
DCMU under limiting actinic illumination (Melis and Hom- 
ann, 1976). 

In control cells, significant hfferences were observed in 
the kinetics of PSII photochemistry compared to higher plants 
and green algae. At an actinic intensity of 160 pmol photons 
m-' s-I, the kinetics were monophasic (Fig. 3), with an 
effective first-order rate constant of 290 s-I. Addition of a 
second component did not alter the merit function or the 
distribution of residuals. To confirm that there was no addi- 
tional fast component that was unresolvable at this intensity, 
experiments were also conducted at a lower actinic intensity. 
At 50 pmol photons m-' s-I, the kinetics remained single 
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Figure 2. Changes in F,, F,, and F,IFm (expressed as percent of 
controls) as a function of the length of the photoinhibitory treatment 
at 2000 pmol photons m-' s-'. Samples were dark adapted for 5 
min prior to measurements. All fluorescence measurements were 
conducted in the presence of CCCP. The SD values for represent- 
ative data points are presented. 
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Figure 3. A, Distribution of residuals for a one-exponent fit. 6, 
Distribution of residuals for a two-exponent fit. C, The normalized 
area growth over the fluorescence induction curve for control cells 
at 160 pmol photons m-' s-' (solid line) and a standard nonlinear 
least-squares analysis fit of the data to one exponent (dotted line). 
Inset, Fluorescence induction rise for control cells showing the 
rapid quenching of fluorescence from the F,,, level. Fluorescence 
induction measurements were conducted in the presence of DCMU 
and CCCP. 
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Figure 4. The normalized area growth over the fluorescence induc- 
tion curve for photoinhibited cells. A, Distribution of Pesiduals for 
a one-exponent fit. B, Distribution of residuals for a two-exponent 
fit. C, Distribution of residuals for a three-exponent íit. Note the 
scale change of the y axis in plot A. D, The normalized area growth 
over the fluorescence induction curve (+DCMU, +CCCP) at 160 
pmol photons m-' s-' for cells photoinhibited (10 niin) at 2000 
pmol m-' s-' (solid line) and a standard nonlinear Il.ast-squares 
analysis fit of the data to two exponents (dotted line). 

exponential, with an effective first-order rate constant that 
decreased in proportion to the actinic intensity (not shown). 
The fluorescence levels of control cells were quenched soon 
after reaching the F, level (Fig. 3C, inset). This was observed 
at a range of actinic intensities from 50 to 330 pmol photons 
m-2 -1 s . No similar response was observed in intact cells of 
Chlamydomonas (not shown). This quenching was not attrib- 
utable to the formation of a bulk pH gradient across the 
thylakoid membrane, since a11 of our fluorescenc'. measure- 
ments were conducted in the presence of CCCP io  dissipate 
any proton gradient that formed during dark adapiation (Ting 
and Owens, 1993). 

After a photoinhibitory treatment of 10 min, two significant 
differences were observed in the kinetics of PSII photochem- 
istry compared to control cells. First, the kinetics were bi- 
phasic, consisting of the sum of two exponential components 
(Fig. 4). In addition, the effective rate constants of the two 
components were much lower than the control vdue. At an 
actinic intensity of 160 pmol photons m-' s-I, thcs dominant 
slow component (amplitude = 85%) had an effective rate 
constant of 4 s-' and the minor fast component [amplitude 
= 15%) had a rate constant of 68 s-'. The weigited mean 
rate constant (13.6 s-') declined by 95% relative to control 
cells, a value that is similar to the decline in F,  but larger 
than the decline in O2 evolution rates (Table I). 
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To ensure that CCCP was not having any secondary effects 
that may have resulted in the large reduction in the rate 
constants of PSII photochemistry in either control or photo- 
inhibited cells, we examined the fluorescence induction ki- 
netics in the presence and absence of CCCP. In controls 
incubated with DCMU, the kinetics of PSII photochemistry 
were identical and monophasic in both the presence and 
absence of CCCP (Fig. 5, inset). In photoinhibited cells meas- 
ured in the presence of DCMU and CCCP, the PSII kinetics 
were biexponential (Fig. 4) and the variable fluorescence rise 
was smooth (Fig. 5). In the absence of CCCP, the half-time 
for the variable fluorescence rise was the same as for CCCP- 
treated cells but the kinetics of the rise were complex, exhib- 
iting a clear inflection at about 0.4 s (Fig. 5). Thus, the effect 
of CCCP was not to alter the overall rate at which PSII traps 
close but to inhibit a process of unknown origin in photo- 
inhibited cells that caused an inflection in the fluorescence 
rise. This inflection, measured in the presence of DCMU, has 
not been previously reported in control or photoinhibited 
cells of green algae or higher plants. 

The Recovery Process 

The changes observed in O2 evolution rates and Chl fluo- 
rescence after exposure of P. tricomutum to 2000 pmol pho- 
tons m-’ s-’ were largely reversible when cells were retumed 
to control conditions (90 pmol photons m-’ s-’). For cells 
photoinhibited for 10 min, light-limited and light-saturated 
O2 evolution rates increased by about 50% during the 60- 
min recovery period (Fig. 6A). The total increase in F, (49%) 
after 60 min of recovery was also similar to the overall 
increases in light-limited and light-saturated O2 rates. During 
the same recovery period, F, levels declined steadily (Fig. 68). 
Both 0 2  evolution and F, retumed to within 5% of their 
control values within 4 h at 90 pmol photons m-’ s-l (not 
shown). 
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Figure 5. The effects of CCCP (5 p ~ )  on fluorescence induction 
kinetics measured in photoinhibited (10 min at 2000 pmol photons 
m-’s-’) cells in t h e  presence of 20 p~ DCMU. Solid line, +5 p~ 
CCCP; dashed line, -CCCP. Inset, Kinetics of fluorescence induc- 
tion measured in control cells treated with 20 p~ DCMU f 5 p~ 
CCCP. Kinetics are indistinguishable in the presence or absence of 
CCCP. Note t h e  scale change in the x axis (time) between control 
and photoinhibited cells. 
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Figure 6. Recovery of O2 evolution rates and fluorescence param- 
eters after photoinhibition treatments. All values are expressed as 
percent of controls. Treatments were for 10 min (open symbols) or 
60 min (filled symbols) at 2000 pmol photons m-’s-’. SD values of 
representative data points are shown for control and photoinhibited 
cells. A, O2 evolution rates measured at limiting (180 pmol photons 
,-2 s-l , circles) and saturating (580 pmol photons m-’s-’, triangles) 
light intensity. B, Fluorescence parameters F, (circles), F, (triangles), 
and Fv/F, (squares). All fluorescence measurements were done in 
the presence of 20 p~ DCMU and 5 p~ CCCP. 

For cells exposed to photoinhibitory conditions for 60 min, 
a continuous recovery of O2 evolution rates was also ob- 
served. In this case, light-limited and light-saturated rates 
were 53 and 71% of control levels, respectively, after 1 h of 
recovery (Fig. 6A). Recovery after 60 min of exposure to 
photoinhibitory conditions was also characterized by a steady 
increase in F, levels (Fig. 6B). However, F, levels increased 
during the first 10 min of recovery and then decreased during 
the next 50 min; final F, levels were still 37% larger than 
control values after 1 h of recovery (Fig. 6B). 0 2  evolution 
rates and F, both required 5 h to retum to within 5% of 
control values, whereas F, required at least 8 h to retum to 
control levels (not shown). 

A comparison of the recovery of O2 evolution rates between 
the 10- and 60-min photoinhibitory treatments indicates that 
there was greater similarity in the extent of recovery of light- 
saturated rates than of light-limited rates. During the 1-h 
recovery period, light-saturated rates increased by 50 and 
54% for the 10- and 60-min photoinhibition treatments, 
respectively (Fig. 6A). The recovery of F, was also very similar 
for both the 10- and 60-min photoinhibition treatments. The 
overall increase in F, after 1 h of recovery was 49% for the 
10-min treatment and 52% for the 60-min treatment; final F, 
levels were about 60% of controls for both treatments after 
1 h of recovery (Fig. 6B). In addition, the total decrease in F, 
during the latter part of the recovery period (from 10 to 60 
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min) was very similar (approximately 29%) for the two dif- 
ferent photoinhibitory treatments. Overall, the extent of re- 
covery of F,/F, was similar for the 10- and 60-min photo- 
inhibitory treatments, and increases in F, and increases/ 
decreases in F, both contributed to the steady increase in F,/ 
F, (Fig. 68). 

DISCUSSION 

The overall response of P. tricomutum to photoinhibitory 
conditions is remarkably similar to that observed in green 
algae and shade leaves of higher plants. This response was 
characterized by complex changes in F, and a continuous 
decline in maximum variable fluorescence levels and O2 
evolution rates during the photoinhibitory treatment. The 
observation that F,  was suppressed after dark adaptation and 
in the presence of uncouplers suggests that the primary effect 
of the excess light treatment was an increase in the q1 com- 
ponent of qN (Krause and Weis, 1991). qN associated with 91 

is likely to be heterogeneous in origin (Horton and Hague, 
1988; Krause and Weis, 1991) and, depending on stress 
conditions and the previous growth history of the plant, may 
contain contributions from damaged PSII reaction centers 
(Cleland et al., 1986; Krause et al., 1990), down-regulated 
PSII reaction centers (Weis and Berry, 1987; Krieger et al., 
1992), and energy-dependent quenching in the antenna in- 
volving carotenoids of the xanthophyll cycle (Demmig and 
Winter, 1988; Demmig-Adams, 1990). 

A problem that arises in studies involving qI is determining 
whether the q N  of F,  is the result of damage to the PSII 
reaction center or to slowly relaxing photoprotective compo- 
nents functioning in either the reaction center (down-regu- 
lation) or antenna complexes. Such a distinction is important 
because it determines if the responses to excess light occur 
before or after damage to PSII. Damage to the PSII reaction 
center results in a loss of variable fluorescence in that complex 
by an unknown (nonphotochemical) quenching process that 
competes with normal photochemistry and linear electron 
transport. Repair of damaged PSII requires de novo chloro- 
plast protein synthesis and a complex cycle to excise and 
replace the damaged protein (Guenther and Melis, 1990). 
The formation of inactive or down-regulated PSII reaction 
centers analogous to those associated with qE (Weis and Berry, 
1987; Krieger et al., 1992) may serve a photoprotective role 
by quenching excited states nonphotochemically in compe- 
tition with reactions that damage PSII. Loss of variable flu- 
orescence in down-regulated PSII has been suggested to occur 
as the result of normal photochemistry followed by a rapid 
dissipative process such as charge recombination or cyclic 
electron transport (Krieger et al., 1992). Finally, a loss of 
variable fluorescence due to excess light treatment may also 
result from thermal energy dissipation in the antenna (Dem- 
mig and Winter, 1988; Demmig-Adams, 1990). In higher 
plants and green algae this component of 9N serves a photo- 
protective role by quenching excited states in competition 
with damaging reactions by a mechanism that may involve 
light-harvesting complex I1 aggregation (Horton et al., 1991) 
or direct quenching by zeaxanthin and/or antheraxanthin 
(Yamamoto and Gilmore, 1993; Owens, 1994b). 

Butler (1978) originally proposed that quenching in the 

PSII antenna or reaction center could be distinguished based 
on its effects on F,  and F,  levels. Whereas antenna quenching 
results in a decrease in both F, and F,, reaction center quench- 
ing affects only F,. However, interpreting the origin(s) of qN 
induced by excess light treatment is not possible using Butler’s 
models because a rise in F, was not predicted (15rilovsky et 
al., 1990; Setlik et al., 1990; Franklin et al., 19’32; Prasil et 
al., 1992). Increases in F, resulting from other, independent 
processes may mask the decrease in F, associated with an- 
tenna quenching mechanisms. 

Another method that can be used to disiinguish the 
quenching of PSII excitation energy in the reaction center 
from that in the antennae involves measurernent of the 
effective rate constant for PSII photochemistry by analysis of 
the kinetics of area growth over the fluorescence induction 
curve i11 samples treated with DCMU (Melis and Homann, 
19 76). Because damaged or down-regulated I’S11 reaction 
centers remain effective (nonphotochemical) quenchers of 
excitation energy (the fluorescence yield is approximately 
that of open PSII reaction centers, approximately F,), the 
presence of these reaction centers alone will not alter the 
kinetics of the variable fluorescence rise; it will cnly decrease 
the amplitude of F,. In severa1 studies, excess light treatment 
induced a decrease in F, and O2 evolution without affecting 
the effective rate constant for PSII photochemistry (Cleland 
et al., 1986; Krause et al., 1990). In contrast, quenching in 
the antennae decreases the effective optical crots-section for 
photon absorption and results in both a slower fluorescence 
rise and a decrease in F,. This decrease in F, is expected 
because excitation energy will be dissipated effectively by 
pathways other than photochemistry. Furthermore, quench- 
ing in the antennae should result in a greater inhibition of 
light-limited PSII electron transport rates compared to light- 
saturated rates. 
In our study we observed parallel decreases in the effective 

rate constant for PSII photochemistry, F,, and light-limited 
O2 evolution rates after short (0-10 min) exposures to excess 
light (Table I), which suggest that reaction centt?r damage or 
down-regulation was not the primary cause of the changes 
observed. Instead, these changes are consistent with the 
presence of qN in the antennae. The larger decrease observed 
in light-limited O2 evolution rates compared to light-saturated 
rates after short exposures to excess light is also consistent 
with the presence of antennal quenching. This quenching is 
analogous to the q, component studied in higher plants and 
green algae in that it did not relax readily in i he dark and 
persisted in the presence of uncouplers. The insensitivity of 
the quenching to uncouplers is also consistent with assign- 
ment of the quenching site to the antennae rather than to 
down-regulated reaction centers. 

Although photoinhibitory damage may develop during 
longer exposures to excess light, the extent of PSII reaction 
center damage during the first 60 min of treatment was small 
compared to the total amount of qN. This is supported by the 
similarity in the kinetics and the extent of recovery observed 
after 10 and 60 min of photoinhibition. These similarities 
suggest that there was not a large increase in the proportion 
of damaged, slowly recovering PSII reaction ceriters between 
the 10- and 60-min treatments. This lack of damage to the 
PSII reaction center is clearly the result of the extensive q~ in 
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the antennae (dissipation > 90% of absorbed light in PSII 
after 60 min) that developed during the photoinhibitory 
treatment. 

Fluorescence quenching attibutable to q~ was present dur- 
ing the illumination phase of the photoinhibitory treatment, 
although it contributed at most about 10% of the total qN 
measured in the light (Table I). For a11 other fluorescence 
measurements reported (Table I; Figs. 2-6), cells were dark- 
adapted for 5 min prior to measurements, during which time 
qE probably would have relaxed (half-time < 1 min) (Demmig 
and Winter, 1988; Horton and Hague, 1988; Hodges et al., 
1989). More importantly, measurements of F, and F ,  levels 
and fluorescence induction kinetics were conducted in the 
presence of CCCP to dissipate any pH gradient that may 
have formed during the dark-adaptation period as a result of 
chlororespiration (Ting and Owens, 1993). The total q~ meas- 
ured at 2000 pmol photons m-' s-' in this experiment is very 
similar to that previously reported for this organism (0.85; 
Tmg and Owens, 1993). In those previous experiments it was 
observed that at intensities above light saturation (approxi- 
mately 500 pmol photons m-* s-') the amount of qN measured 
at steady-state illumination in the absence of CCCP increased 
linearly with light intensity; below light saturation the 
amount of 9N was only a weak function of intensity (Tmg 
and Owens, 1993). Similarly, we observed that at approxi- 
mately 800 pmol photons m-* s-' CCCP addition did not 
result in the relaxation of a large proportion of the total 
amount of steady-state q N  present. Together these data indi- 
cate that at intensities above light saturation, although some 
9E (pH dependent) is present in the light, the total quenching 
is dominated by a component of qN that is independent of 
changes in pH. 

Using Butler's (1978) models, our observation that qN in P. 
tricomutum under excess light conditions is dominated by 
antenna quenching processes suggests that a significant de- 
crease in F, should be observed. In contrast, a large initial 
increase in F, was observed; only after 20 min of treatment 
did F, begin to decline (Fig. 2). We conclude that this increase 
in F, was most likely masking the expected decrease. An 
initial photoinhibition-induced increase in F, has been re- 
ported in many higher plants and green algae and was 
assigned to the first phase of photoinhibition (Kirilovsky et 
al., 1990; Setlik et al., 1990; Franklin et al., 1992; Prasil et 
al., 1992). The decrease observed in F, after longer (20-60 
min) exposures to photoinhibitory condtions is consistent 
with the continued development of antenna quenching and 
the occurrence of a second phase of photoinhibition similar 
to that reported in many higher plants and green algae 
(Franklin et al., 1992; Prasil et al., 1992). The rate of qN 
increase in this second phase was slower than in the first 
phase because the corresponding decline in F, was much less. 

Significant differences have been observed in the kinetics 
of PSII photochemistry in P. tricomutum compared to meas- 
urements in green algae and higher plants. In the present 
study the kinetics in control cells were single exponential, 
whereas higher plant and green algal systems are biphasic, 
with the faster component being sigmoidal (Melis and Hom- 
ann, 1976). In addition, our present results differ from pre- 
vious studies in this laboratory (Owens, 1986a) in which 
control cells of P. tricomutum exhibited biexponential kinetics. 

A comparison of results measured at the same actinic inten- 
sity indicates that the effective rate constant (290 s-') meas- 
ured in the present study is approximately equal to the 
weighted mean of those determined previously (220 s-'; 
Owens, 1986a). These differences may be due in part to 
variation in the growth conditions of the cells. It has been 
reported for algae that the proportions of the components of 
PSII photochemistry depend strongly on factors such as COZ 
availability (Falk et al., 1992). 

After exposure to photoinhibitory conditions, our results 
show a switch to biexponential kinetics and a large decrease 
in the effective rate constants for PSII photochemistry. The 
effective rate constant of the slow component was 17 times 
smaller than that of the fast component, which in tum was 
about 4 times smaller than that of controls. These results 
suggest that it is very unlikely that the primary effect of 
photoinhibition was a decrease in the physical size of the 
PSII antennae and/or a decrease in the rate constants for 
energy transfer among adjacent antenna or reaction center 
complexes. In either case, the extent of the decrease necessary 
to account for the slow fluorescence rise would have resulted 
in much larger increases in the F, and F ,  fluorescence yields. 
As was previously discussed, these changes are consistent 
with the presence of q~ in the antennae. The heterogeneity 
observed in PSII after exposure to photoinhibitory conditions 
may have resulted in part from changes in the yield of 
photochemistry; this in tum could also be associated with the 
presence of heterogeneous qN in PSII. 

The overall effect of photoinhibition on photosynthesis 
reflects the involvement of multiple reactions, which may 
occur in parallel or in sequence, with different or overlapping 
time constants. These reactions may in tum be affected by 
selection of the sample (whole plant or algal cell, intact 
chloroplast, thylakoid membranes), the photosynthetic phys- 
iology of the organism, and the conditions of the photoinhi- 
bitory treatment (Cleland et al., 1986; Demmig and Winter, 
1988; Krause et al., 1990; Krause and Weis, 1991). In P. 
tricomutum, short (10 min) exposures to excess irradiance 
levels did not result primarily in photoinhibitory damage of 
PSII reaction centers. The parallel decreases observed in the 
effective rate constant for PSII photochemistry, F,, and light- 
limited 0 2  evolution rates were consistent with extensive qN 
in the antennae. This qN did not relax readily in the dark and 
persisted in the presence of uncouplers. We conclude that 
this q N  was most likely associated with photoprotective proc- 
esses, because longer (60 min) exposures to excess irradiance 
did not result in a detectable increase in the amount of 
damaged, slowly recovering PSII reaction centers. In the 
natural environment, the role of protective processes in re- 
ducing the amount of reaction center damage under photo- 
inhibitory conditions may be particularly important to dia- 
toms and other algae, which encounter frequent fluctuations 
in light intensity because of vertical mixing within the water 
column and which may become trapped in surface layers due 
to short-term thermal stratification. 
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